The synthesis of A number of investigations in recent years have been concerned with the mechanism of cell waU polymer synthesis during differentiation in unicellular organisms (2, 22, 25; see also M. Sussman, Intern. Congr. Biochem., Tokyo, 1967, p. 377-378). In connection with studies of teichoic acid biosynthesis, we examined the synthesis of teichoic acids during spore germination. The results suggest that, in some organisms, the absence of teichoic acids in the spore can be accounted for by the absence of teichoic acidsynthesizing enzymes in spores. In other strains, the enzymes for teichoic acid synthesis may be present but not expressed. 37 C, the spores were harvested by centrifugation, washed with buffer, and the lysozyme treatment was repeated. The spores were then collected by centrifugation, washed with 0.05 M Tris-chloride (pH 7.5), and incubated in 80 ml of 1% sodium lauryl sulfate for 1 hr at 37 C. The spores were collected by centrifugation, washed four times with 200 ml of 0.5 M NaCl and four times with distilled water, and stored at -60 C. Washing in sodium lauryl sulfate was found essential to free the spores of variable quantities of teichoic acid, which is found in preparations apparently free of vegetative cells as judged by phase microscopy.
The synthesis of teichoic acids has been examined during germination in Bacillus licheniformis ATCC 9945 and in B. subtilis W-23. Teichoic acids are absent from the spores of both organisms. B. licheniformis spores lack the enzymes responsible for teichoic acid synthesis. The appearance of these enzymes during germination is correlated with the appearance of teichoic acids in the cell. The appearance of teichoic acid-synthesizing enzymes and of teichoic acids in the cell are inhibited by the addition of chloramphenicol to the germination medium. In B. subtilis W-23 the situation is similar for the synthesis of polyribitolphosphate. The synthesis of glucosyl polyribitolphosphate is only partially inhibited by chloramphenicol, puromycin, and penicillin, and uridine diphosphate-D-glucose polyribitol-phosphate glucosyl transferase can be demonstrated in spores. The possible implications of some of these observations are discussed.
A number of investigations in recent years have been concerned with the mechanism of cell waU polymer synthesis during differentiation in unicellular organisms (2, 22, 25 ; see also M. Sussman, Intern. Congr. Biochem., Tokyo, 1967, p. 377-378). In connection with studies of teichoic acid biosynthesis, we examined the synthesis of teichoic acids during spore germination. The results suggest that, in some organisms, the absence of teichoic acids in the spore can be accounted for by the absence of teichoic acidsynthesizing enzymes in spores. In other strains, the enzymes for teichoic acid synthesis may be present but not expressed.
MATERIALS AND METHODS
Bacillus subtilis W-23 was obtained from P. Schaeffer of the Pasteur Institute. Spores were prepared by growing cells in a medium containing (per liter): 8 g of Nutrient Broth (Difco), 0.25 g of MgSO4-7 H20, 1 g of KCI, and 1 ml each of 0.01 M MnC12, 1.0 M CaC12, and 0.001 M (Fe)3(SO4)2 (20) .
The cells were grown in a rotatory shaker for 24 hr at 37 C, harvested by centrifugation, and washed with 0.05 M tris(hydroxymethyl)aminomethane (Tris)chloride (pH 7.5)-0.01 M MgCl2-0.001 M ethylenediaminetetraacetic acid. The mixture of cells and spores from 15 liters of medium was suspended in 300 ml of this buffer containing 50 mg of lysozyme per ml (Sigma Chemical Co., St. Louis, Mo.), 40 mg of ribonuclease, and 10 mg of deoxyribonuclease. After 90 min at 1 Recipient of a Predoctoral Fellowship from the Sigma Chemical Co., St. Louis, Mo. 37 C, the spores were harvested by centrifugation, washed with buffer, and the lysozyme treatment was repeated. The spores were then collected by centrifugation, washed with 0.05 M Tris-chloride (pH 7.5), and incubated in 80 ml of 1% sodium lauryl sulfate for 1 hr at 37 C. The spores were collected by centrifugation, washed four times with 200 ml of 0.5 M NaCl and four times with distilled water, and stored at -60 C. Washing in sodium lauryl sulfate was found essential to free the spores of variable quantities of teichoic acid, which is found in preparations apparently free of vegetative cells as judged by phase microscopy.
B. licheniformis ATCC 9945 spores were prepared as described above for B. subtilis W-23. For germination, spores (60 mg, dry weight) were heated in 2 ml of water at 60 C for 1 hr (B. subtilis W-23) or 90 min (B. licheniformis), and then suspended in 300 ml of medium C of Yoshikawa (26) supplemented with L-alanine to a final concentration of 0.02 M. The spores were shaken at 37 C in a 2-liter flask equipped with a side arm, so that the turbidity could be followed in a Klett colorimeter with a no. 66 filter. Under these conditions, vegetative B. subtilis W-23 cells emerge from the spore coat at 60 to 70 min of germination. B. licheniformis cells appear between 70 and 80 min.
Teichoic acid analyses. These analyses were carried out enzymatically. At different times of germination, 300 ml of spore suspension was chilled in ice; the germinated spores were collected by centrifugation at 12,000 X g in a refrigerated Lourdes centrifuge and suspended in 10 ml of 10% trichloroacetic acid. The precipitate was collected by centrifugation, washed four times with 20 ml of acetone, and dried in a vacuum dessicator. A short exposure to trichloroacetic acid will not extract any teichoic acid from the SYNTHESIS OF TEICHOIC ACIDS cell wall. Weighed samples were cleaved with 60% HF as described previously (3, 10) and analyzed enzymatically for ribitol before and after hydrolysis at 100 C in 1 N HCl for 3 hr. Additional ribitol liberated by acid hydrolysis was considered to be derived from glucosylribitol. In some cases, glucosylribitol was hydrolyzed with 3-glucosidase instead of acid with identical results (3) . Similarly, the soluble extract obtained from B. licheniformis was assayed for glycerol before and after acid hydrolysis (1) to yield free and substituted glycerol, respectively. No attempt was made to distinguish between glucosylglycerol and galactosylglycerol (1) . This assay is less reliable than the corresponding ribitol assay, owing to the contribution of "intracellular" teichoic acid to the total glycerol. The content of teichoic acid is reported as micromoles of monomer per 100 mg of acetonedried preparation, described above.
In (3) , polyglycerophosphate synthetase (10), polyglycosylglycerolphosphate synthetase (11) . The last enzyme was assayed by measuring the incorporation of 14C-glucose from UDP-D-glucose in the presence of cold cytidine diphosphate (CDP)-glycerol (1) . The UDP-D-glucose polyribitolphosphate glucosyl transferase was assayed, without preincubating the enzyme with cold UDP-D-glucose, with and without added polyribitol-phosphate (3); this permits an estimation of the amount of endogenous acceptor present in the enzyme preparation. Degradation of the radioactive polymers yielded glucosylribitol as the only radioactive product.
Cell-free extracts for enzyme assay were prepared from spores or germinating spores as follows: the germinating spore suspension was cooled to 0 C; the cells were collected by centrifugation at 3 C, suspended in 6 ml of 0.05 M glycylglycine buffer (pH 7.0)-0.002 M ethylenediaminetetraacetic acid, 0.001 M dithioerythritol plus 2 ml of glycerol, and were disrupted by shaking with 8 g of glass beads at -15 C in a Nossal shaker for six 15-sec periods. Glass beads and intact cells were removed by centrifugation at 2,000 X g for 10 min. Intact spores were assayed immediately after activation.
Actinomycin (3) . Previous analyses suggesting the presence of teichoic acids in spores were based on phosphate analyses; however, such analyses are not specific for teichoic acids (19, 24) . Warth et al. (24) showed the absence of ribitol from B. subtilis spores, but the composition of the vegetative cell was not given. We examined spores of this organism for teichoic acids by specific enzymatic methods and found no ribitol in the spore.
The formation of teichoic acids during germination is illustrated in Fig. 1 . Both polymers appeared soon after germination and essentially in equal amounts. For comparison, the level of teichoic acids in logarithmically growing B. subtilis W-23 is 3 ,moles of ribitol and 3 ,umoles of glucosyl ribitol per 100 mg of cell acetone powder. In the absence of L-alanine, germination is less synchronous, and we consistently obtained about twice as much ribitol as glucosylribitol in spores germinating in the absence of L-alanine.
Teichoic acid synthesis was measured during germination of B. subtilis W-23 in the presence of several antibiotics, and their effects were noted (Table 1) . Actinomycin D totally inhibited teichoic acid formation; chloramphenicol, puromycin, and penicillin appeared to selectively inhibit the synthesis of polyribitolphosphate, while causing at best a 50% inhibition of glucosyl polyribitolphosphate synthesis. be normally glucosylated and which becomes available to the glucosylating system when the cells are disrupted.
To check whether the product of the reaction was glucosylated polyribitolphosphate, the polymer was degraded to '4C glucosylribitol (Fig. 2) , which could be cleaved by f-glucosidase to yield 14C glucose.
The above observations carry the implication that de novo enzyme synthesis is not necessary for the formation of glucosyl polyribitolphosphate in the germinating spore, but is necessary for the formation of non-glucosylated polyribitolphos- phate. It would be most desirable to obtain direct measurement of the polyribitolphosphate synthetase in spores. None of the teichoic acids formed in the presence of antibiotics was "easily extractable" and therefore appears to be normally linked to the cell wall mucopeptide (17) .
We attempted to determine whether CDPribitol and UDP-D-glucose can by synthesized before the start of polymer synthesis. Germinating spores of B. subtilis W-23 were pulse-labeled with 14C-glucose for 3 min after 15 min of germination. The acid-soluble nucleotide pool was extracted and subjected to column chromatography on Dowex 1-formate followed by paper chromatography (9) . Both CDP-ribitol and UDP-D-glucose were labeled, thus showing that these nucleotides can be synthesized by the germinating spores.
To test the generality of this phenomenon, we examined germination of B. licheniformis ATCC 9945. This organism contains in its cell wall three distinct polymers: polyglycerolphosphate, polyglucosylglycerolphosphate, and polygalactosylglycerophosphate (1). The synthesis of these polymers in germinating spores began at approximately the same time, and no clear distinction between the times of synthesis of the two types of polymers was observed (Fig. 3) .
The appearance of teichoic acid-synthesizing enzymes in B. licheniformis during germination began somewhat earlier than the polymers, and essentially no enzyme was detected in spores (Fig.   4) . The formation of all the cell wall polymers was inhibited by chloramphenicol (Table 3) , and furthermore, the enzyme formation did not occur in chloramphenicol-treated cells (Table 4) (3) .
[Several investigators (14, 23, 26, 27) have shown that spore germination yields a synchronous population.] It is clear from the data in Fig. 1  and 3 that the synthesis of all cell wall teichoic acids occurs at similar, but not identical, times (4, 7, 21) , cell wall synthesizing enzymes are membrane bound. These observations may be related to the electron microscope observations which show that during sporulation the spore acquires a new cytoplasmic membrane, distinct from the vegetative cell membrane, but which may contain the cytoplasm of the vegetative cell (6, 16, 18) .
Similarly, spores appear to lack cytochromes (12) . Recent evidence suggests that cytochromes are located in the mesosomal membranes, which are absent from the spore (5) .
The synthesis of teichoic acids in B. subtilis W-23 is considerably more complex. The fact that the synthesis of one of the cell wall polymers is not inhibited by chloramphenicol or by puromycin indicates that the synthesis of this cell wall polymer can be regulated independently of the protein (enzyme) synthesis, and that other factors are responsible for the control of teichoic acid synthesis under these conditions.
The observation that the synthesis of polyribitolphosphate, but not that of glucosyl polyribitolphosphate, can be inhibited by chloramphenicol lends support to the suggestion that these two polymers are synthesized by two completely separate enzymatic systems (3) .
It is interesting that penicillin has an effect very similar to chloramphenicol, i.e., it almost entirely abolishes the synthesis of polyribitolphosphate and has a much smaller effect on the synthesis of glucosyl polyribitolphosphate. Since penicillin affects the synthesis of the cell wall mucopeptide to which teichoic acid is linked covalently (8, 13, 17) , the effect of protein synthesis inhibitor may be on the synthesis of the cell wall mucopeptide and the inhibition of polyribitolphosphate synthesis by chloramphenicol or puromycin may be indirect. It will be of interest to examine related organisms to determine whether they resemble B. licheniformis or B.
subtilis W-23. In a recent communication, Camargo et al. (2) showed that chitin synthetase is present in spores of Blastocladiella emersonii, although chitin is not found in the spore. There is an obvious similarity between this finding and the results reported in B. subtilis W-23.
